Fas antigen is a receptor that triggers apoptosis when bound by Fas ligand (FasL). A role for Fas antigen in follicular atresia was studied in follicles obtained during the first wave of follicular development during the bovine estrous cycle (estrus is Day 0). Granulosa and theca cells were isolated from healthy dominant follicles and the two largest atretic subordinate follicles on Day 5, atretic dominant follicles on Days 10-12, and preovulatory follicles on Day 1. Fas antigen mRNA levels were highest in granulosa cells from subordinate as compared to other follicles, and lowest in theca cells from healthy Day 5 dominant as compared to other follicles. FasL alone had no effect on viability of granulosa or theca cells but became cytotoxic in the presence of interferon-␥ (IFN). IFN has been shown to induce responsiveness to Fas antigen-mediated apoptosis in other cell types. In the presence of IFN, killing of granulosa cells by FasL was greater in subordinate compared to healthy dominant follicles on Day 5, did not differ between healthy and atretic dominant follicles, and was similar in theca among all follicles. Granulosa cells from preovulatory follicles, which had been exposed to the LH surge in vivo, were completely resistant to FasL-induced killing. In summary, Fas antigen expression, and responsiveness to Fas antigen-mediated apoptosis, vary during follicular development.
INTRODUCTION
Ovarian follicles grow and develop under the influence of pituitary gonadotropins. After entering the growing pool, follicles are committed to either fully mature and ovulate or become atretic and degenerate. Atresia is more likely than ovulation, and more than 99% of mammalian follicles fail to ovulate, becoming atretic [1] . Ovarian follicular atresia occurs by apoptosis of follicular cells. Apoptosis of cells in atretic follicles may be triggered if cells receive cytotoxic signals or if they fail to receive survival or growth signals [1] . Fas antigen is a transmembrane receptor that mediates apoptosis in sensitive cells when engaged by Fas ligand (FasL) or agonistic antibodies [2] , and Fas antigen-mediated cell death may be implicated in the physiological process of follicle atresia. MRL-lpr/lpr (lymphoproliferation) mutant mice lack functional Fas antigen and exhibit abnormal ovarian follicular development after 20-24 wk of age characterized by increased numbers of secondary follicles [3] . Injecting normal mice with agonistic anti-Fas antigen antibody increases the incidence of follicle atresia [3] . Fas antigen and FasL are expressed in the ovary; and hu- [4] [5] [6] [7] . IFN has been shown to induce Fas antigen expression and enhances Fas antigen-mediated cell death in many cell types. Expression of Fas antigen and the existence of a functional Fas antigen pathway in follicle cells suggest a role for Fas antigen in follicular development and atresia. The cow provides an excellent model to study the role of Fas antigen in the ovary. Follicular dynamics have been well characterized using real-time transrectal ultrasonography [8] . Follicles develop in waves in which 3 to 6 follicles begin to grow larger than 5 mm in response to FSH. One of these follicles is selected for dominance and continues growing, while the subordinate follicles stop growing and become atretic. Cows exhibit 2 or 3 waves of follicle growth during a typical estrous cycle, but only the dominant follicle present during the follicular phase, in the absence of a functional corpus luteum, ovulates. Otherwise, the dominant follicle stops growing and becomes atretic. To examine whether Fas antigen is involved in follicular atresia, Fas antigen mRNA levels were measured in granulosa and theca interna cells from individual healthy and atretic bovine follicles isolated during the first follicular wave, and responsiveness of cells from these follicles to Fas antigen-mediated killing was tested. 
MATERIALS AND METHODS

Materials
Animals
Ovaries were obtained from cycling, nonlactating Holstein cattle (n ϭ 16). All procedures were approved by the Cornell University Institutional Animal Care and Use Committee and conducted in accordance with the Guide for the Care and Use of Agricultural Animals in Agricultural Research and Teaching. Animals were injected with a luteolytic dose of PGF 2␣ between Days 7 and 14 of the estrous cycle and observed for estrous behavior twice daily starting 2 days after injection. After the onset of estrus, animals were examined daily by transrectal ultrasonography to monitor the onset of the first wave of follicular growth and identify the dominant and 2 largest subordinate follicles in that wave. Ovaries were removed from three groups of animals by colpotomy [9] as follows: from the first group (D5) 5 days after estrus when one follicle was clearly dominant (Ն 9 mm) and the subordinate follicles were atretic and had stopped growing; from the second group (D11) after the dominant follicle in the first wave had not grown for 4 consecutive days; and from the third group (D1) the morning after observation of standing estrus between 1800 h and 2200 h.
Tissue Preparation
The dominant and 2 largest subordinate follicles were dissected from D5 ovaries. Dominant and preovulatory follicles were dissected from D11 and D1 ovaries, respectively. Follicular diameter was measured, and follicular fluid was aspirated using an 18-gauge needle and frozen. Granulosa cells were isolated by bisecting the follicle in Dulbecco's modified Eagle's medium (DMEM)-F12 medium, removing the follicle wall composed of theca interna and attached granulosa cells, and scraping granulosa cells from the theca interna using a finely drawn Pasteur pipette. Granulosa cells were collected by centrifugation, counted, and either frozen in liquid nitrogen for analysis of Fas antigen mRNA (n ϭ 3 per time point) or cultured (n ϭ 3 per time point). Theca interna were thoroughly scraped to remove adhering granulosa cells and were frozen in liquid nitrogen for analysis of Fas antigen mRNA (n ϭ 3 per time point) or prepared for culture as previously described (n ϭ 3 per time point) [7] .
In preovulatory follicles, sufficient tissue was obtained for both RNA analysis and cell culture. Cells from subordinate follicles in each animal were pooled for cell culture experiments. Estradiol concentration in follicular fluid samples was measured by RIA as previously described [10] , and the between-assay coefficient of variation (n ϭ 4) was 3.1%. Dissected follicle diameter and follicular fluid estradiol concentration data were examined by one-way ANO-VA followed by Fisher's multiple comparisons [11] .
Cell Culture
Granulosa cells were plated (T ϭ 0 h) at a concentration of 5 ϫ 10 4 cells per well in 96-well culture dishes in DMEM-F12 medium containing 5% FBS plus 100 U/ml penicillin, 100 g/ml streptomycin, 0.25 g/ml fungizone, 1 mM pyruvate, and 2 mM glutamine. To assess the ability of FasL to induce cell death, granulosa cells were treated at T ϭ 0 h with or without 100 ng/ml FasL and with or without 200 U/ml IFN. Treatments were performed in triplicate. The relative number of live cells at T ϭ 24 h was assessed by optical density using an MTT assay as previously reported [12] . FasL-induced killing of bovine granulosa and theca cells was previously characterized as apoptosis based on staining of outer cell membranes with annexin V [7] .
Theca cells were plated (T ϭ 0 h) at concentrations of 3 ϫ 10 4 to 4 ϫ 10 4 cells per well in 96-well culture dishes in Ham's F-12 medium containing 10% FBS plus antibiotics. Theca cells were treated at T ϭ 24 h in DMEM-F12 medium containing 5% FBS with or without 100 ng/ml FasL and with or without 200 U/ml IFN. Treatments were performed in triplicate. Relative cell numbers were determined by MTT assay at T ϭ 48 h.
Percentage killing was examined by two-way randomized block ANOVA to confirm overall significance, with dominant and subordinate follicles collected on D5 as one block and dominant and preovulatory follicles (D5, D11, and D1) as another block. Within blocks, percentage killing was examined by a one-way randomized block design AN-OVA with treatment as the random variable, and comparisons of means were performed by Duncan's New Multiple Range test [11] .
Analysis of Fas Antigen mRNA
Fas antigen mRNA was quantified by a competitive reverse transcription-polymerase chain reaction (RT-PCR) assay as previously described [7] . Briefly, RNA was reverse transcribed in the presence of increasing concentrations of an internal Fas antigen standard RNA. Complementary DNA was amplified by PCR in the presence of [ 32 P]dCTP. The concentration of Fas antigen mRNA in each sample was calculated as previously described [7] . Each assay included a sample of each follicle type and an RNA pool, used to calculate the between-assay coefficient of variation (8.8%, n ϭ 8 assays).
Data were examined by one-way ANOVA. After overall significance was confirmed, dominant and subordinate follicle samples from D5 were compared by paired t-tests, while dominant and preovulatory samples were examined by one-way ANOVA followed by Fisher's multiple comparisons. Comparisons of D5 subordinate to D11 or D1 follicles were performed by 2-sample t-tests [11] .
Analysis of Aromatase mRNA
Granulosa cells from healthy dominant follicles express aromatase whereas theca cells do not [13] . Relative levels of aromatase mRNA in granulosa versus theca cells isolated from D5 healthy dominant follicles (n ϭ 2) were compared by RT-PCR in order to assess potential contamination of the theca cell layer with granulosa cells prepared using our dissection technique. Theca (0.6 g) and a serial dilution of 0.6 g-0.96 ng granulosa cell RNA were reverse transcribed using AMV reverse transcriptase and random hexamer primer. Complementary DNA in the RT reactions was amplified by PCR in the presence of [ 32 P]dCTP using primers designed to generate a 200-base pair fragment (positions of 5Ј and 3Ј primers were from 214 to 238 in exon 2 and from 413 to 388 in exon 3, respectively [14] ). Amplification consisted of a preincubation at 94ЊC for 5 min before addition of Taq polymerase and then 25 cycles at 94ЊC for 30 sec, 60ЊC for 30 sec, and 72ЊC for 30 sec. RT-PCR products were fractionated on a 2% agarose gel, and signals were quantified as previously described [7] . Percentage contamination of theca cells by granulosa cells was estimated by determining the amount of granulosa cell RNA that produced an aromatase signal equivalent to that produced by 0.6 g theca cell RNA.
RESULTS
Follicular Characteristics
Standing estrus was observed 2-4 days after animals were injected with PGF 2␣ . On Day 5 after estrus, one follicle in each animal had become dominant and was larger than the second largest follicle of the same wave by at least 4 mm ( Table 1 ). All subordinate follicles analyzed were atretic and had stopped growing before Day 5 after estrus. Dominant follicles stopped growing 6-8 days after estrus. These follicles were isolated, after 4 days of no growth, on Day 10 (n ϭ 4), 11 (n ϭ 2), or 12 (n ϭ 1) of the estrous cycle, and are referred to as D11 follicles. Preovulatory (D1) follicles were collected 10-14 h after estrus was observed.
Estradiol concentration confirmed whether follicles isolated at different stages of development were healthy or atretic. Follicular fluid from D5 dominant and preovulatory follicles had high levels of estradiol, while follicular fluid from D5 subordinate and D11 dominant follicles had low levels of estradiol (P Ͻ 0.05; Table 1 ).
Expression of Fas Antigen mRNA
Fas antigen expression was detected by competitive RT-PCR in granulosa (Fig. 1) and theca (Fig. 2) cell fractions isolated from all follicles. Granulosa cells from atretic subordinate follicles expressed 5.3-fold more Fas antigen mRNA than granulosa cells from the healthy dominant follicles on Day 5 (P Ͻ 0.05). Granulosa cells from D11 atretic dominant follicles expressed Fas antigen mRNA at levels similar to those observed in granulosa cells from healthy dominant follicles on Day 5 or preovulatory follicles on Day 1.
Theca isolated from healthy dominant follicles on Day 5 expressed less Fas antigen mRNA than subordinate follicles, and they expressed less Fas antigen mRNA than theca from atretic D11 dominant and D1 preovulatory follicles (P Ͻ 0.05). Fas antigen mRNA levels in theca were approximately 5% of levels observed in granulosa cells. To test whether Fas antigen mRNA in theca was due to contamination with granulosa cells, aromatase mRNA levels were measured in granulosa and theca cells isolated from healthy D5 dominant follicles by RT-PCR. Granulosa cells from healthy follicles are known to express aromatase while theca do not [13] . Theca samples contained 0.08 Ϯ 0.02% (n ϭ 2 follicles) of the aromatase message found in granulosa cells, indicating that contamination of theca samples with granulosa cells was not significant.
FasL-Induced Killing of Follicle Cells
In experiments testing responsiveness of cells to FasLinduced apoptosis, cells were treated with or without IFN, as our previous studies had shown that IFN stimulates Fas antigen expression in bovine granulosa and theca cells and sensitizes cells to FasL-induced apoptosis in vitro [7] . FasL killed granulosa cells isolated from all first-wave follicles (D5 and D11 dominant and subordinate follicles) in the presence but not absence of IFN treatment (Fig. 3) . Percentage killing of granulosa cells by FasL, relative to that in control cultures, was greater in subordinate compared to dominant follicles on Day 5 (65 Ϯ 6 vs. 41 Ϯ 4%; P Ͻ 0.05), but was similar in healthy D5 (41.4 Ϯ 4%) and atretic D11 (36 Ϯ 7%) dominant follicles. In contrast, granulosa cells from preovulatory follicles were completely resistant to Fas-mediated killing even when treated with IFN (Fig.  3) .
FasL was not cytotoxic to theca in the absence of IFN. FasL killed 28-42% of theca cells treated with IFN, but no differences in responsiveness to Fas-mediated killing were observed among follicles (Fig. 4) .
DISCUSSION
Bovine granulosa and theca cells from atretic subordinate follicles express more Fas antigen mRNA than cells from healthy dominant follicles. This agrees with reports localizing more Fas antigen protein in granulosa cells of atretic as compared to healthy follicles in rats and humans [15, 16] and co-localizing elevated Fas antigen mRNA and protein in atretic rat follicles [17] . Theca cell expression of Fas antigen protein has been shown in the rat and human [15, 16] . When the function of the Fas antigen pathway was tested in vitro using cells isolated from healthy and atretic bovine follicles, FasL was not cytotoxic. This suggests that the signaling pathway is blocked or that factors necessary for stimulation of cell death are lacking in vitro. We tested the effects of IFN on Fas antigen-mediated death because IFN has been shown to induce Fas antigen expression and is necessary for Fas antigen-mediated death in several cell types ( [5] ; reviewed in [6] ), and because of our findings that IFN induces Fas antigen mRNA expression in mouse granulosa and bovine granulosa and theca cells [6, 7] . All cells from first-wave follicles became responsive to FasLinduced killing when treated with IFN, but the degree of susceptibility differed among follicles. FasL killed significantly more granulosa cells from atretic subordinate as compared to healthy dominant follicles (64% vs. 41%, respectively), suggesting a fundamental difference in granulosa cell susceptibility to Fas antigen-mediated death. In contrast, granulosa cells from healthy and atretic dominant follicles isolated during the first follicular wave expressed similar levels of Fas antigen mRNA and showed no difference in susceptibility to Fas antigen-mediated killing. After selection, the dominant follicle continues to grow, and cells undergo further differentiation whereas cells from subordinate follicles do not attain an equivalent level of development [8] . The Fas antigen pathway may therefore be regulated differently in atretic subordinate versus atretic dominant follicles. It is unlikely that granulosa cells from healthy dominant follicles are susceptible to Fas antigenmediated killing in vivo despite their responsiveness, in the presence of IFN, in vitro. It is possible that granulosa cells express Fas antigen at low levels during most stages of follicle development to insure rapid removal of dead cells or entire nonovulatory follicles at appropriate times. Factors that might regulate the Fas antigen pathway in vivo include expression of FasL within the follicle and the presence of intracellular modulators of the Fas antigen pathway (see below).
Interestingly, granulosa cells from healthy preovulatory follicles were completely resistant to FasL-induced killing in the presence of IFN, while theca cells from the same follicles were susceptible. Both cell types expressed Fas antigen mRNA, but Fas antigen protein expression was not tested. These follicles were isolated 10-14 h after observation of estrus. Since the LH surge occurs approximately 2-3 h after the onset of estrus [18] , these follicles were exposed to a preovulatory surge of LH in vivo. We postulate that the further differentiation of granulosa cells to the preovulatory stage renders them resistant to Fas antigen-mediated killing and that this change does not occur in the theca cells. Previous reports have shown that the preovulatory LH surge induces dramatic changes in granulosa cell function including changes in steroidogenic enzyme expression, increased capacity to secrete oxytocin [19] , and induction of prostaglandin endoperoxide synthase-2 expression [20] . In the hen, susceptibility of granulosa cells to apoptosis is dependent upon the stage of follicle development. Avian granulosa cells are inherently susceptible to apoptosis before selection into the preovulatory hierarchy but become apoptosis resistant after selection [21] . Further experiments are required to test whether exposure to an LH surge in vivo or LH treatment in vitro renders granulosa cells resistant to FasL-induced killing.
The expression of Fas antigen mRNA within the theca layer was 5% of that in the granulosa cell layer. Despite this difference, the percentage of theca cells susceptible to FasL-induced killing in the presence of IFN in vitro was within the range observed for granulosa cells isolated during the first follicular wave. The distribution of Fas antigen mRNA and protein within the theca cell layer should be assessed in future studies to determine whether the majority of theca cells express Fas antigen at a relatively low level or whether only a small percentage of theca cells express Fas antigen. Additional studies are necessary to determine the relative importance of the Fas antigen pathway in regression of the granulosa versus theca cells during follicle atresia.
IFN rendered cultured cells from some follicles susceptible to FasL-induced killing. It is unclear whether these cells are normally resistant in vivo or exactly how IFN increases responsiveness to FasL-induced killing. It may be related to IFN's induction of Fas antigen expression, since IFN induced 5.3-and 4.3-fold increases in Fas antigen mRNA in bovine granulosa and theca cells, respectively [7] . However, IFN may have additional effects on the cell death pathway. IFN has been shown to induce expression of pro-apoptotic factors including interleukin-1␤-converting enzyme (Ice) family members (caspases) in human lung epithelial cells [22] and in the human colon adenocarcinoma cell line (HT-29) [23] . IFN induces expression of proapoptotic Bcl-2 family members Bak in HT-29 cells [23] , and Bax in a human colorectal carcinoma cell line (COLO 201) while reducing expression of anti-apoptotic Bcl-2 in COLO 201 cells [24] . Although IFN has been measured in follicular fluid [25, 26] and affects ovarian cell steroidogenesis and inhibin production in vitro (reviewed in [7] ), it is not known whether IFN is a physiological regulator of cell death in the ovary. Other unidentified factors may be required for activation of Fas antigen-mediated death in the ovary.
Follicle cell resistance to Fas antigen-mediated apoptosis may be regulated by labile protein inhibitors. Inhibiting protein synthesis with cycloheximide potentiates Fas antigen-mediated killing in ovarian and other cell types [6, 27] . In addition, specific inhibitors of apoptosis have been identified in ovarian and other cell types [6, [28] [29] [30] [31] . Several of these inhibitors have been shown to inhibit Fas antigenmediated cell death [29, 31] . Growth factors and cytokines involved in follicle cell signaling suppress apoptosis in many cell types [1, 32] and may also modulate Fas antigenmediated killing [33] .
These results emphasize the importance of studying the functional activity of the Fas antigen pathway in addition to Fas antigen expression. Differences in expression of Fas antigen mRNA and cellular responsiveness to FasL-induced death detected in follicles at various stages of development are consistent with a potential role for the Fas antigen pathway in ovarian follicular atresia.
